Oxynitride films have been formed by rapid thermal processing of N-implanted wafers. The formation mechanism, the chemical composition, and the physical thickness of the oxynitride films were studied by x-ray photoelectron spectroscopy ͑XPS͒. Segregation of nitrogen to the surface was performed on nitrogen ion-implant wafers under nitrogen gas. The outcome of the segregation is the formation of an ultrathin oxynitride layer ranging in thickness from 4 to 8.5 Å . Oxidation of nitrogen ion-implanted wafers, where the nitrogen is segregated beforehand and nitrogen ion-implanted wafers with no segregation prior to oxidation, is the focus of this study. XPS results showed that simultaneous segregation and oxidation forms an oxynitride film consisting of two layers where the interface is rich in nitrogen and the surface in oxygen. In the case of nitrogen segregation prior to oxidation, the nitrogen atoms in the oxynitride film, formed at oxidation temperatures less than 1000°C, are uniformly distributed throughout the film in the form of SiO x N y . At high temperatures (ϳ1100°C͒, the composition of the oxynitride formed by simultaneous segregation and oxidation becomes similar to that where N-segregation is performed prior to oxidation. The presence of nitrogen atoms retards significantly the diffusion of oxygen to the substrate surface thus producing uniform ultrathin films ranging in thickness from 13 to 40 Å.
I. INTRODUCTION
The continuous demand for smaller device dimensions in ultra large-scale integrated circuits necessitates thinner gate oxides. To achieve ultrathin (Ͻ35 Å͒ films, good thickness control is required by reducing the rate of oxidation. Nitrogen ion-implant ͑N-I/I͒ wafers have been used to contain the Si oxidation rate thus achieving various ultrathin oxide thicknesses. 1 Upon oxidation, N-I/I wafers produce ultrathin nitrided oxides or oxynitrides. These oxynitrides have been shown to have superior electrical properties over silicon dioxide when it comes to interface traps, breakdown voltage strength, and boron penetration resistance. [1] [2] [3] [4] [5] [6] The improvements in the electrical properties are mainly attributed to the presence of small amounts of nitrogen (ϳ1ϫ10 15 /cm 2 ) at the oxynitride/silicon interface. 7 Previously, NH 3 was used to introduce N into films, but hydrogen incorporation causes electron trapping thus requiring reoxidation to reduce its effect. 8 Recently, oxynitrides have been grown in N 2 O 6,9,10 or NO. 11, 12 One and even two monolayers of nitrogen are reported in oxynitride layers upon growth in a N 2 O environment. 13 In this work, two different processing approaches were undergone to produce nitrided oxides or oxynitrides using N-I/I wafers. One approach is first segregating the nitrogen to the surface followed by oxidizing in oxygen, while the second method is simply by direct oxidation where segregation and oxidation occur simultaneously. The aim of this article is to study the growth kinetics of oxides in these N-I/I wafers complemented by surface analysis. X-ray photoelectron spectroscopy ͑XPS͒ is used in this study to perform a chemical analysis of the ultrathin nitrided oxides or oxynitrides.
II. EXPERIMENT
As mentioned above, via nitrogen ion-implanted wafers, two different process methods were undertaken to grow ultrathin nitrided oxides or oxynitrides. These silicon wafers have been implanted with 1ϫ10 15 cm Ϫ2 nitrogen ions into the Si substrate through a 150 Å sacrificial furnace oxide. The ion implantation energy used is 10 keV. The first batch of samples was run in a 410 Heatpulse rapid thermal processing ͑RTP͒ after dipping the samples in 5% HF and rinsed in de-ionized water to etch away this sacrificial oxide. The nitrogen in these as-implanted wafers is concentrated at ϳ150 Å below the Si substrate surface. Samples were run under nitrogen gas in the RTP for a constant time of 60 s, while varying the temperature from 500 to 1050°C. The aim of the above experiment is to obtain the anneal temperature at which nitrogen segregation occurs. The second set of experiments consists of oxidizing three different batches of wafers. The oxidation was accomplished under oxygen flow, in the RTP, by varying the temperature between 800 and 1100°C while maintaining a constant time of 60 s. Similarly, a third set of experiments was performed at a constant temperature of 950°C while varying the time from 10 to 300 s. Oxidation was performed on: ͑a͒ bare silicon wafers, i.e., wafers with no nitrogen ionimplant. ͑b͒ N-implanted wafers with N 2 anneal. ͑c͒ As-received N-implanted wafers i.e., as-implanted wafers.
͑XPS͒ is used to determine the nature and distribution of N in the ultrathin grown nitrided oxide films. The measurements were carried out on a Leybold Max 200 system, which is equipped with a monochromatic Al K␣ source. Thin oxide films of various thicknesses were obtained as described above. The Si 2p core levels were recorded and were used to calculate the film thickness using the method described in Ref. 14 for an electron free path of 2.96 nm. The measurements were made at a 90°take-off angle.
The concentration of N in the oxynitride can be calculated from the integrated peak intensities of N 1s, Si ϩ4 ͑i.e., SiO 2 ) 2p, and O 1s. Their relative sensitivity factors were determined from thermally produced SiO 2 and Si 3 N 4 . We have found that there are some residual contaminants such as hydrocarbon and water present on the surface of the samples. In order to eliminate this artificial fluctuation in the N profile, we calculated the N concentration using only the N 1s and the Si ϩ4 2p peaks.
III. RESULTS AND DISCUSSION

A. Nitrogen segregation
Upon segregating the nitrogen at different temperatures, an ultrathin dielectric film is formed as shown in Fig. 1͑a͒ . The thickness increases from 4 to 8.5 Å with increasing annealing temperature from 500 to 1050°C. In Fig. 1͑b͒ the concentration of nitrogen is plotted as a function of temperature. The amount of nitrogen levels off at 900°C. It is observed in Fig. 1͑b͒ that at temperatures higher than 900°C the concentration of nitrogen decreases. This occurs due to the dilution of nitrogen atoms in the film as its thickness increases. This implies that nitrogen did segregate to the surface of the wafer forming an ultrathin oxynitride or nitride layer. The N-1s binding energy in the N-rich portion of the film, is 397.6 eV. The Si 2p spectrum shows a bulk Si peak at 99.15 eV, which corresponds to the silicon substrate signal and a broad oxide peak at 102.4 eV. This renders the SiO 2 peak a chemical shift of 3.29 eV compared to 2.45 eV for silicon nitride, whose peak usually resides at 101.8 eV. 15 Therefore, segregation forms a nitrogen rich oxynitride (SiO x N y ) film rather than pure silicon nitride since the chemical shift of the SiO 2 peak is closer to that in oxide than in nitride. The presence of oxygen in the film can be attributed to the fact that the RTP is an open furnace system where oxygen infiltrates from the surroundings into the chamber thus oxidizing the film.
B. Growth kinetics
The growth of nitrided oxides or oxynitrides can be achieved during the oxidation of N-implanted wafers, with and without N segregation, in O 2 at temperatures ranging between 800 and 1100°C for a constant time of 60 s. The film grows exponentially with temperature, fitting a rate equation of the form
where x is the oxide thickness in Å , k is the exponential rate constant, T is the temperature in degrees Celsius, and A is a constant. The fitting values of A are 0.072, 0.74, and 3.65 for the bare silicon wafer, annealed N-implanted wafers, and asimplanted wafers, respectively. The exponential rate constant has the following values 0.0066, 0.0035, and 0.002 for the bare silicon wafer, annealed N-implanted wafers, and as implanted wafers, respectively. Similarly, the film grown on the bare wafer reveals the same growth characteristics. This is shown in Fig. 2͑a͒ , where kinetic data are compared for the oxidation in O 2 of N-implanted wafers, with and without N segregation, and bare silicon wafers. The extent of oxidation is much less for N-implanted wafers than for bare silicon wafers. These data support the view that the presence of nitrogen in the film retards oxygen diffusion to the substrate surface. Focusing our study on the nitrogen ion-implant wafers, at low temperatures, the batch where segregation of nitrogen was performed first, has a slower oxidation rate than the ones where physical segregation of nitrogen and oxidation of the substrate occur simultaneously. This holds true in Fig. 2͑a͒ when the processing temperature is below 1000°C. At this temperature and higher the oxide thickness for samples with and without N segregation become of equal value. Hence, the nitrogen, at temperatures higher than 1000°C in samples without N segregation, is segregating more or less instantaneously to the surface thus kinetically functioning equivalently to wafers whose nitrogen has been segregated before oxidation. The difference in thickness at low temperatures is due to the fact that the samples with N segregation are rich in nitrogen atoms at the surface, thus reducing the rate of oxidation. For example, at 800°C, the film thickness for the segregated nitrogen prior to oxidation lies around 13 Å compared to 19 Å for the film that underwent simultaneous segregation and oxidation. The reason for that is revealed in Fig. 3͑a͒ , where the nitrogen concentrations for both films are 14.4 and 3.2 at. %, respectively. Following the trend of the curve in Fig. 3͑a͒ , the nitrogen concentration for a 19 Å film should be of the order of ϳ10 at. %. This illustrates that the nitrogen did not fully segregate at 800°C for 60 s when simultaneous segregation and oxidation is performed, resulting in a thicker film due to the low nitrogen concentration. At 900°C for 60 s, the nitrogen seems to have fully segregated for the film grown on a sample without N segregation as it lies close enough to the curve of Fig. 3͑a͒ . The film obtained during simultaneous segregation and oxidation has a thickness of 23 Å, which is fairly elevated to that of 15.2 Å, which is formed by segregation prior to oxidation. The reason for this difference is probably the fact that at 900°C a longer time is required for the nitrogen atoms to diffuse to the surface thus allowing, initially, a faster oxidation rate. Therefore, the excess time required for nitrogen to segregate during simultaneous nitrogen segregation and oxidation at 800 and 900°C, and the already present high nitrogen concentration at the surface for the samples with N segregation, causes this difference in thickness at lower temperatures. The kinetics of oxidation is also compared for N-implanted wafers, with and without N segregation, upon oxidation at 950°C while varying the time to 300 s. The growth of both films, as shown in Fig. 2͑b͒ , can be best expressed in terms of a direct logarithmic equation in the form xϭk ln ln͑t ͒ϩB, ͑2͒
where k ln is the logarithmic rate constant, t is the time in seconds, and B is a constant. This is in contrast to film growth on bare wafers at the same temperature of 950°C, where a parabolic rate relation is found to best fit the kinetic data. The fitting values of B are 3.48 and 1.84 for the annealed N-implanted wafers and as-implanted wafers. The logarithmic rate constant has the following values 4.91 and 15.98 for the annealed N-implanted wafers and the asimplanted wafers, respectively. For the samples where segregation was done prior to oxidation, the oxide thickness is less than the wafers where simultaneous segregation and oxidation was performed. This difference is again contributed to the high presence of nitrogen atoms initially in the already segregated wafers thus slowing the oxidation rate. The difference in oxide thickness persists until up to 300 s of oxidation, where at this point both samples, with and without N segregation, yield the same thickness of ϳ27 Å . Figure 3͑b͒ shows the nitrogen concentrations for the 10 and 30 s oxidation falling well below the curve. This indicates that nitrogen, during simultaneous segregation and oxidation for a period of 10 and 30 s, did not fully diffuse to the surface. Therefore, at 950°C, time is required for nitrogen to segregate to the surface allowing, initially, a fairly rapid oxidation rate of the silicon substrate thus accounting for the difference in the film thickness. From a process point of view, the ability of the implanted nitrogen to suppress the Si oxidation rate constitutes a big advantage to grow ultrathin (Ͻ35 Å͒ oxides over the conventional oxidation of bare silicon wafers thus forming SiO 2 . What is meant is that any small shift in temperature and/or time does not dramatically change the value of the oxide thickness when using nitrogen ion-implant wafers compared to silicon dioxide grown on a bare silicon wafer.
C. XPS analysis Figure 4 shows a comparison of N 1s spectrum between segregated nitrogen prior to oxidation ͑solid lines͒ and simultaneous segregation and oxidation ͑dashed lines͒ of nitrogen ion-implant wafers. It is found that the binding energies for the samples that underwent simultaneous segregation and oxidation are systematically lower when compared to those where segregation of nitrogen is performed before oxidation. The N 1s binding energy at 900 and 1000°C for the sample without N segregation is 397.6 eV, while 398.2 eV is obtained for the samples with N segregation. The value for the samples without N segregation is the same as that of N 2 O oxides. Therefore, chemically, there is no difference between the implanted N when segregation and oxidation occur simultaneously and the N incorporated in a furnace that forms NwSi 3 . 16 Furthermore, this means that the oxynitride formed during simultaneous segregation and oxidation has the nitrogen localized near the interface forming silicon nitride, this observation is also reported elsewhere. 1 However, when segregation is performed prior to oxidation the nitrogen seems to be more evenly distributed away from the interface bonding, more with oxygen atoms causing a negative chemical shift of Ϫ0.6 eV which is attributed to the oxygen's higher electronegativity. The chemical composition of that oxynitride is expected to be of the form SiO x N y . Oxidation at 800°C for 60 s results in the N 1s binding energies for the samples with and without N segregation to be 397.8 and 397.4 eV respectively. The reason behind the lower binding energies when compared with those of 900 and 1000°C is the presence of fewer oxygen atoms in the oxynitride film upon oxidation at lower temperatures. On the other hand, at 1100°C, the binding energy for the segregated nitrogen before oxidation is 398.2 eV, which is the same as at 900 and 1000°C; therefore, the oxynitride film is chemically equivalent and stoichiometrically stable. The N 1s binding energy at 1100°C for the samples without N-segregation is 398 eV. This reveals that, at high temperatures, nitrogen tends to extend into the film rather than staying localized close to the interface adopting a similar chemical feature to the oxynitride film formed by segregation prior to oxidation. Figure 5 shows the Si 2p spectrum for the samples with N segregation to be composed of two peaks, one at 99.2 eV, which corresponds to the silicon substrate signal, and the second at 103 eV, which is due to the oxidized silicon. The Si 2p spectrum for the samples without N segregation shows the bulk Si peak at 98.6 eV and a broad oxide peak at 102.8 eV. All peaks are calibrated to the C 1s peak located at 284.6 eV. This difference in peak locations is apparent for the samples that underwent oxidation at temperatures varying from 800 to 1000°C keeping a set time of 60 s. At 1100°C, the peaks merge together for the N-implanted wafers, with and without N segregation, as shown in Fig. 5 . A qualitative behavior can be observed from Fig. 5 . As the oxidation temperature increases, the absolute intensity of the Si 2p peaks decreases while the SiO 2 peaks increase. This behavior is mainly attributed to an increase in oxide thickness. 
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IV. CONCLUSIONS A. Nitrogen segregation
Nitrogen segregation in N-I/I silicon wafers has been performed in RTP under nitrogen gas at temperatures varying from 500 to 1050°C for a constant time of 60 s. XPS results showed the formation of an ultrathin and uniform layer of oxynitride occurring. The ultrathin oxynitride surface ranges in thickness from 4 to 8.5 Å . The nitrogen concentration in the film levels off at 900°C, since there is an indication of a decrease in nitrogen concentration as the thickness of the film increases due to the dilution of nitrogen atoms in the film. Hence, nitrogen has been thoroughly segregated to the surface forming a N-rich ultrathin film.
B. Growth kinetics
The oxidation of N-I/I wafers where the nitrogen has been segregated beforehand and N-I/I wafers with no segregation prior to oxidation produced oxide films significantly thinner than those which are formed during oxidation of bare wafers. The presence of nitrogen atoms retards significantly the diffusion of oxygen to the substrate surface thus producing ultrathin films ranging in thickness between 13 and 40 Å. Kinetically speaking, no substantial difference has been observed between the samples that have undergone nitrogen segregation prior to oxidation and those where segregation and oxidation have been performed simultaneously except at low oxidation temperature and/or time where the already segregated nitrogen acts as an oxygen barrier thus resulting in a slower oxidation rate than when simultaneous segregation and oxidation is performed. The conformity of the oxidation kinetics to a direct logarithmic rate relation for N-I/I wafers, as opposed to the parabolic rate relation for bare silicon wafers, lends support to the notion of a reduction in rate caused by the presence of nitrogen atoms in the film.
C. N structure and distribution
XPS studies found two different types of N in the oxynitride films: one occurring where simultaneous segregation and oxidation is performed with a N 1s binding energy at 397.6 eV attributed to N in the form of Si 3 N 4 ; and another occurring, when segregation is performed prior to oxidation, with the N 1s binding energy at 398.2 eV attributed to N situated in a more electronegative environment. The N 1s binding energy obtained for the samples without N segregation is the same as that for N 2 O oxides. This means that, chemically, there is no difference between the oxynitride formed by N 2 O and by direct oxidation of a N-implant wafer. Based on the above results, it is possible to infer that N is located near the interface for the samples without N segregation as it is for the N 2 O oxides. This is not the case for oxynitrides formed by segregation prior to oxidation, due to a higher N 1s binding energy, the nitrogen atoms seem to be distributed more uniformly throughout the film.
D. Si 2p Spectra
The Si 2p spectrum for the samples with N segregation, in the nitrogen ion-implant wafers, is composed of a bulk Si peak at 99.2 eV and a broad oxide peak at 103 eV. On the other hand, the locations of the peaks for the samples without N segregation are at 98.6 and 102.8 eV. This variance in peak locations confirms the existence of a chemical difference between the two-oxynitride films arising from the two processing methods. 
